Semicircular canals are sensory organs for balance, consisting of fluid-filled tubules that are arranged perpendicularly to each other in inner ear. The precise mechanism of the morphogenesis of this unique organ is still under investigation. Semicircular canals arise from the flattened pouch of epithelium. The centers of two apposing wall of the pouch approach each other and form a fusion plate. The clearing of the fusion plate makes a hole and leaves the remaining tissue as semicircular canals. Three mechanisms have been proposed for this clearing: programmed cell death, epithelial-mesenchymal transition, and retraction of the cells in the fusion plate to surrounding semicircular canals. Previous studies have revealed programmed cell death in the fusion plate, although other two hypotheses were not disproved. Here we examined the contribution of epithelial-mesenchymal transition and epithelial retraction to the morphogenesis of semicircular canals. We analyzed immunohistochemically the structural change in the epithelium of the developing fusion plate using molecular markers, basal lamina component laminin, cytoskeletal F-actin, and cellular junctional marker β -catenin. Our observation revealed that fusion plate epithelium lost its apico-basal polarity and intermingled with facing fusion plate cells, associated with the disruption of basal lamina. Moreover, there were several cells with mesenchymal appearance adjacent to the torn basal lamina. We also found the merging of apposing basal laminae at the border between forming canal and breaking fusion plate. These observations suggest that the epithelial-mesenchymal transition, rather than the epithelial retraction, may be responsible for clearing fusion plate cells. laminin; β -catenin; F-actin; basal lamina; epithelial-to-mesenchymal transition. Tohoku J. Exp. Med., 2008, 215 (3), 207-217.
The inner ear arises from the otic placode which is a patch of thickening epithelial tissue in the head ectoderm adjacent to the hindbrain. The otic placode invaginates to become the otic vesicle which is a simple fluid-filled sphere of epithelium. The otic vesicle changes its shape to a complex inner ear that has the cochlea, the vestibule and the three semicircular canals (Bissonnette and Fekete 1996; Torres and Giraldez 1998) . Mechanisms of placode induction and regionalization within the otic vesicle have been focused recently in various model organisms (Ozaki et al. 2004; Miyazaki et al. 2006; Bok et al. 2007; Omata et al. 2007 ; Schneider-Maunoury and epithelium as a semicircular canal. In the chick embryo, the cells in the fusion plate disappear within few hours between stage 27.5 and to stage 28.5 (Bissonnette and Fekete 1996) .
There are three hypotheses about the mechanism for the disappearance of fusion plate (Fig. 2) . (A), the cells in the epithelium of fusion plate transform into mesenchymal cells. (B), the cells are retracted by the expanding canal tube epithelium. (C), the cells die from programmed cell death (Martin and Swanson 1993) . In chick, apoptosis has been observed in juxtaposing two epithelial sheets by the TUNEL method (Fekete et al. 1997; Lang et al. 2000) . Since the hot spot of TUNEL positive cells locates in the fusion plate, apoptosis can be a major mechanism for the Pujades 2007; Whitfield and Hammond 2007; Yamanishi et al. 2007) The formation of semicircular canal is a unique process, and the precise mechanism that drives this morphogenesis is still under investigation. The semicircular canal development of chick starts from extrusions of dorsal otic vesicle. The apposing lateral and medial epithelia of the extrusion approach and contact each other. This region is called "fusion plate" (Fig. 1) . In mouse embryo, it is reported that the epithelial cells at the fusion plate lose basal lamina, intercalate to form a single sheet and finally "disappear" from this region (Martin and Swanson 1993) . The disruption of the epithelial sheet makes a hole where the fusion plate had been, and leaves a tube of Fig. 1 . Development of chicken inner ear. The membranous labyrinths from stage 24 to 28 were dissected, and the surrounding mesenchyme was removed (A). The line indicated in the panels of stage 27 and 28 shows the level of the horizontal section shown in (B) and (C) respectively. These sections were immunohistochemically labeled with anti-laminin antibody (B, C). (B, arrows) The apposing walls of the canal pouch are meeting at the fusion plate. (C) The fusion plate is cleared at the superior semicircular canal (arrows). Anterior is to the right, dorsal is to the top. ssc, superior semicircular canal; psc, posterior semicircular canal; lsc, lateral semicircular canal. Bar, 100 μ m.
disappearance of the fusion plate in the chick, yet it does not exclude other possibilities. In fact, the fusion plate clearing was not completely suppressed by overexpression of bcl-2 that repressed most of apoptosis in fusion plate (Fekete et al. 1997) .
In mouse, Martin and Swanson (1993) precisely analyzed morphological changes of epithelial structure and basal lamina using light-and electron-microscopy. On the other hand in chick, there have been no precise structural analysis. To evaluate the contributions of epithelial-mesenchymal transition and epithelial retraction for the clearing of the fusion plate, we have made a immunohistochemical analysis of the epithelial structure in the fusion plate.
MATERIALS AND METHODS

Preparation of tissues
Fertilized chick eggs from a local farm had been incubated at 38°C until they reached appropriate stages. Embryos were staged according to Hamburger Hamilton. Staged embryos were fixed 4% paraformaldehyde in phosphate-buffered saline (PBS) and then equilibrated with 30% sucrose. They were embedded in OTC compound (Tissue-Tek, Sakura finetechnical Co., Tokyo) and frozen. The frozen samples were then cut into 7 μ m sections. Sections were used for immunohistochemistry.
Isolation of the otocyst
Embryos were harvested at Hamburger and Hamilton (HH) stage 24 to 28 (Hamburger and Hamilton 1951) , and the otic vesicle was dissected together with surrounding mesenchyme and adjacent hindbrain. Dissected tissue was treated with 1,000 unit/ml dispase (Sanko-Junyaku, Tokyo) in Hanks' balanced salt solution (HBSS) at 37°C for 2 hrs. The otic vesicle was washed three times with HBSS and separated from surrounding mesenchyme with tweezers.
Immunohistochemistry
The sections were mounted on glass slides, dried, washed in phosphate-buffered saline (PBS) and then blocked at room temperature with 3%BSA and 0.1% Tween 20 containing Tris-HCl buffered saline pH 7.4 (TBST). Then the sections were incubated with primary antibody anti-laminin (SIGMA, L-9393) or anti-β -catenin (BD, 610153) for overnight at 4°C, rinsed in TBST then incubated with either secondary antibody Alexa Flour 488 anti rabbit IgG (Invitrogen) or Alexa Flour 633 anti mouse IgG for 1 hour at room temperature or with biotinylated anti-rabbit Ig (Amersham) and processed with the avidin-biotinylated complex (ABC; Vector Laboratories) and the reaction was developed with DAB. DAPI (DOJINDO, B42-07431) was used for counter-staining. Phalloidin-TRITC (SIGMA, P-1951) was used to visualize F-actin. For the negative control, the specimens were reacted with the secondary antibody alone, and all the control sections were negative. The number of the specimens examined was listed in Table 1 .
RESULTS
To elucidate when and how the cells begin to lose their epithelial morphology and the disruption of the adjacent basal lamina begins during normal development of the chick semicircular canals, we performed immunohistochemical analysis from HH stage 25 to 29. We used an antibody against laminin, a major component of 
E) and canal epithelium (F). (G-H)
The same section was counter-stained by DAPI (blue), and overlaid on anti-laminin signal (green), and F-actin (Red). basal lamina; an antibody against β -catenin, a maker for the epithelial adhesion; and Phalloidin-TRITC, which binds to F-actin to visualize the shape of the cell.
Since it was reported that the morphological change starts after stage 25 (Lang et al. 2000) , we began analysis from this stage. At stage 25, the basal lamina was revealed to be continuous throughout by anti-laminin immunohistochemistry (Fig. 3C, D) . Dense apical Phalloidin staining was observed both in the fusion plate epithelium (Fig. 3E ) and the canal destined epithelium (Fig.  3F) , indicating that cells in both epithelia were keeping apico-basal polarity. It is also notable that those epithelia looked pseudo-stratified based on the inspection by triple-labeling for nuclei, F-actin and laminin (Fig. 3G, H) . Those observations represent that epithelial structure in the fusion plate is still firm at this stage. At stage 27, the fusion plate expanded (Fig.   4A, B) , and the apposing epithelia became thinner.
Several fractures of the basal lamina were observed in the fusion plate by immunohistochemistry for laminin (Fig. 4C arrow) . In accordance with this observation, there were several cells loosing dense apical phalloidin signal in the fusion plate (Fig. 4E, G arrows) , which suggests that those cells lost their apico-basal polarity.
This is the first sign of disruption of epithelial organization. The triple labeling for nuclei and the other two molecular markers revealed that the both epithelia in the fusion plate became virtually monolayer (Fig. 4G) . At stage 28, the center of the fusion plate in the superior semicircular canal is clearing to make a hole (Figs. 5A, 6A ). In the perimeter of the fusion plate, apposing epithelia were merging to make canal (Fig. 5C, arrow head) , and in the Immunohistochemistry with anti-β -catenin monoclonal antibody on the same section shown in (B-C). Discontinuous and scattered β -catenin signal was observed in periphery of the cell body of the epithelium in the fusion plate (E). β -catenin was condensed in the cellular junction of the canal forming epithelium (F). These differential pattern of β -catenin expression correlate well with that of laminin shown in (C, D). (G, H) The same section was counter-stained by DAPI (blue), and overlaid on anti-laminin signal (green), and F-actin (Red). Some cluster of cells in the fusion plate retained cell-cell junction (arrowheads in E, G), while they had lost basal lamina. Scale bar: 10 μ m.
canal region, basal lamina was continuous (Figs.  5D, 6D ) and β -catenin was heavily condensed in the cellular junction (Fig. 6F ). In the fusion plate, the basal lamina seemed to be torn in shreds (Figs.  5C arrow, 6C ). In the same area, a typical F-action staining of the epithelium, which is rectangular and dense in apical, is lost, while there was still apparent staining encompassing the cytoplasm (Fig. 5E , G arrows). There were torn epithelial fragments that retained cellular junction revealed by β-catenin immunohistochemistry (Fig.  6E , G arrowheads). Those fragments did not seem to have basal lamina (Fig. 6G) . Several pyknotic cells were observed in the margin of the fusion plate (Fig. 5G, arrowhead) . At stage 29, the canal area had completed its formation of tubular structure (Fig. 7A, B, H, K) . In the region where the fusion plate had been, scattered laminin signal was observed (Fig. 7C, D,  I , J), suggesting that the basal lamina was destroyed throughout. F-actin staining revealed that several cells in fragmented ex-epithelium still have semi-cuboidal and smaller cell body (Fig.  7G, J arrowheads) , while others have rather mesenchymal appearance (Fig. 7F, I arrows).
DISCUSSION
In this study, we focused on the critical stages of canal morphogenesis and analyzed the change of the epithelial structure with molecular markers. The most critical step of the canal formation is the clearing of the fusion plate that undergoes between St. 27-28. During these stages, basal lamina was gradually disrupted into fragments, and the cell-cell contact in the fusion plate epithelia was destroyed.
The mechanisms to remove the cells from fusion plate in chick
It has been debated for years on the mechanism how the fusion plate cells are removed. It was previously reported that basal lamina appears to remain intact throughout the morphogenesis (Fekete et al. 1997) and was suggested that epithelial-to-mesenchymal transformation (EMT) is the least likely mechanism in chick. However, our observation revealed that fusion plate epithelium loses its apico-basal polarity and intermingles with facing fusion plate cells simultaneously with the disruption of basal lamina. Moreover, we have observed several cells that have mesenchymal appearance next to the torn basal lamina (Fig. 7I) . Although we could not specify the origin of those mesenchyme-like cells and fate mapping experiments are necessary to resolve this issue, these observations imply that EMT plays a role in clearing fusion plate cells (Fig. 8) .
We have also observed that the merging of epithelia and basal lamina at the boundary between forming canal and clearing fusion plate. As a consequence of the closure of basal lamina, many fusion plate cells are left aside. If the retraction to canal epithelium were major stream, those cells must move through basal lamina, and it seems less likely mechanism to clear away fusion plate. Apoptotic cells have been observed both before the fusion plate will form (Lang et al. 2000) and while the fusion plate is forming (Fekete et al. 1997; Lang et al. 1997) . We have also found several pyknotic cells at the margin of the fusion plate (Fig. 5G arrowhead) . As previous reports Fig. 8 . Summary of our observations. a) Several cells that have mesenchymal appearance were observed next to the torn basal lamina. This implies that EMT plays a role in clearing fusion plate cells. b) Several pyknotic cells were found at the margin of the fusion plate, although the number of those cells is too small to remove all of the fusion plate cells. c) Basal laminae merged at the boundary between forming canal and torn fusion plate before the clearing of the fusion plate cells. This suggests that the retraction to canal epithelium seems implausible mechanism to remove fusion plate.
mentioned, these cell death can be required to disrupt the integrity of the epithelia, to break cellcell contacts, or simply for the disposal of the cells in fusion plate. Apparently cell death is not the sole mechanism for the clearing of fusion plate, since the observed number of dying cell was too small to remove all of the fusion plate. It is more likely that cell death plays a roll in concert with other mechanisms, such as EMT and/or the recruitment of cells into the expanding canal.
Differential and similar mechanisms among vertebrates
In the mouse embryo, it is reported that the epithelial cells at the fusion plate lose basal lamina, intercalate to form a single sheet and finally "disappear" from this region (Martin and Swanson 1993) . They have also reported that the disruption of lateral basal lamina proceeds earlier than medial basal lamina. On the other hand, our observation of chick embryo revealed that the disruption of both lateral and medial basal lamina happens simultaneously. It is also notable that we could not find a single sheet stage, and the epithelia seemed to be destroyed concurrently with the disruption of the basal lamina. These differences between species can be due to the area that must be removed. It is plausible that several events go on at the same time in chick, since the number of cells in fusion plate is much larger than mouse.
We and others found that several cells in prefusion plate were dying before two epithelial sheets approach each other (data not shown, Lang et al. 2000) . In mouse, some apoptotic cells are also observed in the semicircular canal epithelium prior to the fusion in the area that is destined to form the fusion plate (Cecconi et al. 2004) , although apoptotic cells are not detected at the center of later fusion plate (Martin and Swanson 1993; Nishikori et al. 1999) . When Apaf1-dependent programmed cell death was prevented by gene knockout, the morphogenesis of inner ear was severely disorganized (Cecconi et al. 2004) . This is probably due to the observed reduction of cell proliferation together with decreased apoptosis in earlier stage than fusion plate formation (Cecconi et al. 2004 ). These observations suggest that the apoptosis observed before fusion of the epithelium in both chick and mouse could be required to loose the cell-cell contact in the fusion plate to disrupt epithelial structure.
